Abstract The combination of scanning electron microscope-cathodoluminescence (CL), fluid inclusion analysis and high-resolution electron probe microanalysis of Al, Ti, K and Fe in vein quartz has yielded results permitting a greater understanding of the complex mineralisation of the Central Oyu Tolgoi and Zesen Uul porphyry-style deposits, southern Mongolia. These data demonstrate the relationship between quartz precipitation, dissolution and ore deposition as the mineralising fluid chemistry changed through time. Four major quartz generations are identified in the A-type veins from the stockworks of both the Central Oyu Tolgoi (OTi to OTiv) and Zesen Uul deposits (ZUi to ZUiv). Despite differences in the associated alteration and mineralisation style, the observed CL textures and trace element signatures of the quartz generations are comparable between deposits. The OTi and ZUi stage formed both the primary network of A-type veins and pervasive silicification of the host rock. Using the Ti-in-quartz geothermometer, crystallisation temperatures for OTi and ZUi of between 598°C and 880°C are indicated. The main stage of sulphide mineralisation was accompanied by the dissolution of pre-existing quartz (OTi and ZUi) and precipitation of a weakly luminescent generation of quartz (OTii and ZUii) with a low Ti content, reflected in a calculated temperature drop from approximately 700°C to 340°C in Central Oyu Tolgoi and 445°C in Zesen Uul. OTii and ZUii stage quartzes show high and variable Al concentrations. The next stage of quartz in both deposits (OTiii and ZUiii) forms a fine network of veins in cracks formed in pre-existing quartz. OTiii and ZUiii quartz contain measurable fluid inclusions of moderate salinity (3-17.1 wt.% NaCl eq.), entrapped in the temperature range 256°C to 385°C. OTiii and ZUiii are not related to any sulphide mineralisation. The final OTiv and ZUiv stages are characterised by quartz-calcite micro-breccias that penetrate the A-type veins. Based on the calculated entrapment temperatures, the OTiv/ZUiv stage crystallised between 212°C and 335°C, and the quartz is characterised by elevated but variable Al and Fe contents. The CL and trace element signatures of the OTi to OTiii and ZUi to ZUiii stages of the two Mongolian porphyries show similar features to those observed in porphyry-style deposits from other regions. This suggests that a common sequence of quartz crystallisation occurs during the formation of early veins in many porphyry copper systems.
Introduction
Hypogene porphyry-style mineralisation is characterised by stockwork-hosted and disseminated sulphides that are temporally and spatially related to the shallow (2-5 km) emplacement of magmas of intermediate to acidic composition. The complexity of quartz veining in porphyry-style deposit stockworks arises from the repeated precipitation and dissolution of quartz formed from episodically exsolved magmatic volatile phases (MVP) derived from subvolcanic intrusions (e.g. Hedenquist and Lowenstern 1994; Bodnar 1995; Candela and Piccoli 1995; Harris and Golding 2002) . Porphyry systems are typified by multiple stages of intrusion accompanied by numerous episodes of MVP exsolution, resulting in repeated overprinting mineralising events formed under differing physicochemical conditions (e.g. Guilbert and Lowell 1974; Carten et al. 1988; Fournier 1999; Proffett 2003; Harris et al. 2003; Seedorff et al. 2005) . One result of this is a complex succession of quartz crystallisation, deformation and healing observed in the stockwork zones. In order to better classify the spatial and temporal relationships of stockwork veining and associated alteration, Gustafson and Hunt (1975) introduced classes of veins termed A (early), B (transitional) and D (late) stage. The scheme was extended by Dilles and Einaudi (1992) to include a late C-type vein and by Arancibia and Clark (1996) to include an early M-type vein. Early A-veins are defined as irregular (wispy-looking), discontinuous and segmented veins of quartz ± bornite ± chalcopyrite ± anhydrite associated with a potassic alteration assemblage of Kfeldspar and biotite (Gustafson and Hunt 1975) . However, recent studies revealed that A-veins are commonly multigenerational with superimposed quartz generations that can be related to B, C and D type events (e.g. Rusk and Reed 2002; Müller et al. 2003; Rusk et al. 2006 Rusk et al. , 2008a .
The aim of the study is to better understand the evolutionary sequence of quartz crystallisation associated mineralisations of A-type and other associated veins of the late Devonian Central Oyu Tolgoi and early Carboniferous Zesen Uul porphyry copper deposits in the south Gobi region of Mongolia ( Figs. 1 and 2 ). There classic A-type veins are developed in porphyry stockworks, but they have been overprinted by multiple syn-and post-mineralisation events.
Cathodoluminescence (CL) imaging was used to establish quartz generations and relative chronology. Electron probe microanalysis (EPMA) was then used to determine quartz trace element chemistry (specifically Al, K, Ti and Fe). The variation in the distributions of these trace elements in quartz reflects changes in the P-T-X conditions of the quartz-depositing fluids (e.g. Wark and Watson 2006; Rusk et al. 2006 Rusk et al. , 2008a ; thus, a systematic analysis of trace element contents can be used to interpret conditions of crystal growth. The use of backscattered electron (BSE) imaging helped to establish the paragenetic relationships between ore mineral assemblages and different quartz generations. Finally, fluid inclusion microthermometry was carried out on recognized quartz generations. The occurrence of fine-grained ore mineral inclusions within the quartz was also able to provide direct evidence for the genetic relationship between ore minerals and quartz (Wilkinson 2001) .
This use of combined methods was essential because preserved and measurable fluid inclusions are rare in the veins. The rarity of measurable fluid inclusions is presumed to be due to the age of the two investigated Mongolian porphyries (ca. 370 and 330 Ma, respectively; Seltmann and Porter 2005) as the entire rock package has suffered intense regional post-mineralisation folding (Wainwright et al. 2004 ). However, a few notable, well-preserved fluid inclusions were measured and these supplied supporting evidence for the precipitation temperatures of the late quartz generations.
Geology of deposits
The Central Oyu Tolgoi and Zesen Uul deposits are located respectively 600 and 500 km south of Ulaan Baatar. Both deposits are hosted in the Gurvansayhan Terrane ( Fig. 1) , which is located in the central-southern section of the Kazakh-Mongol magmatic arc where it trends roughly east-west (Gerel 1995 (Gerel , 1998 Jargalsaihan 1996; Badarch et al. 2002; Fig. 1) . The geology of the 600×200-km triangular-shaped terrane is dominated by Silurian to Carboniferous clastic sedimentary rocks, carbonates, volcaniclastic sedimentary rocks and intermediate to felsic volcanic rocks. This sequence is cut by a suite of Devonian granitoids and by Permo-Carboniferous diorite, monzodiorite, granite, granodiorite and syenite bodies. The Permo-Carboniferous intrusions range in size from narrow dykes to batholiths that are tens of kilometres across (Perelló et al. 2001; Badarch et al. 2002) . The original architecture of the sequence and the magmatic arc have been disrupted by later intrusive masses, modified by both mid-to late Palaeozoic accretion and Mesozoic thrust and sinistral strike-slip faulting and lastly masked by alluvium deposited on a mature erosional surface. This has resulted in the current outcrop pattern of a complex sequence of imbricate thrust sheets, dismembered blocks and high strain zones (Badarch et al. 2002) .
Central Oyu Tolgoi
The Central Oyu Tolgoi deposit is one of four discrete mineralised zones in the Oyu Tolgoi exploration area, which are interpreted to constitute four separate porphyry copper centres Kirwin et al. 2003 Kirwin et al. , 2005a Khashgerel et al. 2008; Fig. 3a) . These mineralised centres formed at 370 Ma and are among the largest and richest known hypogene Cu-Au deposits in the world. The geology at Central Oyu Tolgoi is dominated by a SilurianDevonian sequence of andesitic and basaltic lavas interbedded with fine-to coarse-grained, volcaniclastic sedimentary rocks (Perelló et al. 2001) . The tentative hard rock stratigraphy is, from youngest to oldest: (1) dacite flow units, (2) basaltic tuff and flow units, (3) upper sedimentary sequence, (4) lower sedimentary sequence, (5) dacitic pyroclastic units, (6) augite basalt flow and related breccias and (7) andesitic volcaniclastic units (Ivanhoe Mines 2008) . The sequence is crosscut by variably altered and mineralised porphyritic quartz monzodiorite dykes that are genetically related to the Cu-Au porphyry systems (Ivanhoe Mines 2008) . Postmineralisation syenitic granitoids and dykes of basalt, rhyolite and hornblende-biotite andesite occur throughout the district.
The Central Oyu Tolgoi deposit comprises a high sulphidation system developed above and partly telescoped onto an underlying centre of porphyry mineralisation (Fig. 3b) . It consists of a multi-phase hydrothermal breccia crosscutting an altered fine-grained quartz monzodiorite with porphyry-type alteration and mineralisation (Perelló et al. 2001) . Covellite and pyrite are developed within an upwardly flared zone of intense quartz-muscovite alteration with subordinate alunite, dickite and pyrophyllite (advanced argillic alteration; Forster et al. 2003) . In addition, a supergene enriched chalcocite blanket and copper oxide mineralisation some 20-60 m thick is present at depths varying from near surface to 150 m, which has been superimposed on the high sulphidation covellite-pyrite mineralisation (Ivanhoe Mines 2008) . The chalcocite blanket occupies an area 1,300×600 m (Perelló Badarch et al. 2002 , Kirwin et al. 2005a and Seltmann and Porter 2005 et al. 2001). The covellite-pyrite zone below the blanket has a horizontal extent of about 400 by 450 m and a thickness of about 350 m. A chalcopyrite-gold mineralisation assemblage is developed in the intermediate argillic alteration zone between 150 and 700 m depth, partially enveloping and below the covellite-pyrite zone (Fig. 3b) .
Drill core samples from Central Oyu Tolgoi were examined from the chalcopyrite-gold zone of the porphyry copper deposits, from depths varying between 210 and 580 m below the supergene chalcocite blanket developed over the hypogene mineralisation. The samples contain predominantly irregular, wormy and wispy A-type and other associated quartz veinlets with biotite, pyrophyllite, pyrite, chalcopyrite and molybdenite embedded in strongly silicified and altered host rock of magmatic origin (Figs. 2 and 4). Vein densities of the samples exceed 100/m 2 . The shape of these veins indicates that they formed under ductile conditions at high temperatures during periods of high strain rates (e.g. Fournier 1999 ). All Central Oyu Tolgoi samples contain pyrophyllite as a gangue mineral; it replaces biotite and is intergrown with Al-phosphates and alunite. A few late quartz-calcite veinlets crosscut the sulphide assemblages. Crosscutting micro-breccias, which are healed by quartz and calcite, are the last stage of mineralisation, and some of these healed micro-breccias contain fluorite. Kirwin et al. 2005a and Ivanhoe Mines 2008) Zesen Uul Zesen Uul is one of four recognized gold-copper deposits in the Kharmagtai district (Fig. 5a ). The Kharmagtai exploration area is characterised by several high-grade, porphyry-hosted (monzodiorite) gold and copper mineral deposits similar in style to the high-grade zones at the South West Oyu Tolgoi area (Kirwin et al. , 2005a . The Kharmagtai area contains a Devonian siliciclastic sedimentary sequence that has been intruded by a number of monzodiorite and diorite porphyry stocks (Kirwin et al. 2005b) . The inferred primary mineralogy of these intrusive rocks is consistent with a normal K-calc alkaline magmatic association. Arenaceous volcaniclastic units are composed of andesitic lava fragments and plagioclase and hornblende crystals. Felsic ash crystal tuffs, reworked tuffaceous sedimentary rocks, basaltic and andesitic volcanics have also been mapped at Zesen Uul. Numerous tourmaline breccia pipes are scattered throughout the district, the largest of which has a diameter of 500 m (Kirwin et al. 2005b) .
The surface expression of copper mineralisation at Zesen Uul is sparse, comprising a few subcrops of microdiorite hosting rare quartz veins with traces of malachite and copper wad (Kirwin et al. 2005b ). The near surface dimensions of the mineralised zone are approximately 200×200 m. A drill section through the central part of Zesen Uul is illustrated in Fig. 5b . The copper mineralisation occurs mainly as chalcopyrite with subordinate associated pyrite in and around stockwork quartz veins mostly hosted by monzodiorite. Mineralisation has been oxidized with development of a supergene zone extending to depths of 60 m below the surface.
The early A-type and associated veins hosting the sulphides are more planar than at Central Oyu Tolgoi, more typical of stockwork veins found in porphyry deposits elsewhere (e.g. Proffett 2003; Fig. 2b ). The veins here display distinct sulphide zones commonly in the centre of the quartz veins. There is a close correlation between the density of quartz veins and the tenor of copper-gold mineralisation. Some later chalcopyrite-rich sulphide veins postdate the quartz stockwork event (Kirwin et al. 2005b ). Magnetite occurs both in pre-sulphide quartz veins and within the sulphide-rich veins. The gold is found to be mainly hosted in chalcopyrite (Pollard and Taylor 2002) which commonly contains secondary micro-inclusions of silver tellurides, bismuthinite and native silver. Some tourmaline is associated with these copper-bearing quartz veins; however, most occurs associated with later pyrite-only Kirwin et al. 2005b) veins. Narrow zones (normally <10 m in width) of hydrothermal tourmaline breccias contain quartz-veined monzodiorite clasts in a matrix of quartz, tourmaline, sericite, pyrite and minor chalcopyrite. Other tourmaline breccias in the deposits are not accompanied by matrix sulphides (Kirwin et al. 2005a ). Chalcopyrite and pyrite are overgrown by covellite, and the latter one is related to intense quartzcalcite veining.
Pervasive, selective potassic alteration of the rocks resulted in the limited textural destruction of the primary porphyritic texture leaving a mineral assemblage of quartzalbite-chlorite-magnetite-pyrite. However, in the most intensely potassic-altered zones, K-feldspar is common and the textural destruction is almost complete. Propylitic or phyllic alteration commonly overprints the precursor potassic assemblages.
The drill core samples examined from Zesen Uul were taken from the potassic-altered porphyry hosting the central quartz stockwork from a depth of between 20 and 110 m. Alteration and mineralisation assemblages observed in the samples are illustrated in Fig. 6 .
Analytical methods

Scanning electron microscope cathodoluminescence
Scanning electron microscope (SEM)-CL and BSE imaging was carried out using a JEOL 5900LV analytical SEM equipped with a GATAN MiniCL detector located at the Natural History Museum, London. The applied acceleration voltage and current were 20 kV and ∼1 nA, respectively. The CL images were collected from four scans of 20 s photo speed each and a processing resolution of 1,280×960 pixels and 256 grey levels.
The different grey shades visualized in quartz crystals by SEM-CL reflect different luminescence colours. The variability in CL colour and intensity of quartz can be attributed to the presence of lattice defects (e.g. oxygen and silicon vacancies, broken bonds) and/or trace elements in the crystal structure (e.g. Götze et al. 2001 Demars et al. 1996; Müller et al. 2002) . CL intensity in most high temperature quartz (>500°C) has been shown to display a positive correlation with Ti concentration (Müller et al. 2000 (Müller et al. , 2002 Wark and Spear 2005) ; however, the physical mechanism of quartz luminescence is still not fully understood.
Electron probe microanalysis
Concentrations of Al, K, Ti and Fe in quartz were measured by EPMA using a JEOL 8900 RL electron microprobe located at the Geowissenschaftliches Zentrum Göttingen, Germany. For high precision and sensitivity, an acceleration voltage of 20 kV, a beam current of 80 nA, a beam diameter of 5 μm and counting times of 15 s for Si and of 300 s for Al, Ti, K and Fe were chosen. Limits of detection were (3σ of single point background) 13 μg g −1 for Al, 18 μg g −1 for K, 34 μg g −1 for Ti and 31 μg g −1 for Fe.
The Ti-in-quartz geothermometer of Wark and Watson (2006) :
provides a tool to determine the quartz crystallisation temperature based on the temperature dependence of the Ti 4+ −Si 4+ substitution in quartz given the presence of rutile or, in its absence, an estimate of the TiO 2 activity of the system. The geothermometer can be applied for temperatures in the range 400°C to 1,000°C at pressures of 1.0 GPa. Crystallisation temperatures of quartz with Ti>34 μg g −1 were then calculated using this formula.
Fluid inclusion microthermometry
The samples were prepared as doubly polished thick (∼200 μm) sections for CL investigation, and these sections were afterward demounted and used as fluid inclusion wafers. Microthermometry was carried out using the joint IC/NHM facility comprising a Linkham THC600 heating/ freezing stage attached to an Olympus Optiphot microscope with a Nikon ×50 long working distance lens. Calibration of the instrument was regularly monitored using standard 
Results
Vein quartz textures visualized by SEM-CL
Using SEM-CL imagery on 60 samples originating from 12 drill cores (four drill cores from Central Oyu Tolgoi and eight drill cores from Zesen Uul), four major quartz generations were identified in the ore-bearing stockworks of the Central Oyu Tolgoi (OTi-OTiv) and Zesen Uul deposits (ZUi-ZUv). Figure 7 illustrates and summarizes the sequence of quartz crystallisation and the characteristic CL features of each quartz generation described below. The mineralisation stages related to the individual quartz generations are indicated in Figs. 4 and 6.
Central Oyu Tolgoi
The OTi stage is the oldest and most voluminous quartz generation and forms the primary network of A-type veins and is further evident as massive silicification of the host rock ( Fig. 8a, b) . In general, OTi quartz luminesces brightly under the SEM beam. OTi quartz occurs as subhedral comb-like crystals (>200 μm) with oscillatory growth zoning developed in open cracks and vugs; smaller (5-200 μm) OTi crystals are also dispersed throughout the wall rock adjacent to the vein ( Fig. 8a-c) . Paragenetically, OTi predates the sulphide mineralisation and it is partially overgrown and replaced by the younger quartz generations OTii to OTiv, which have different zoning patterns and CL properties.
Widespread dissolution of OTi quartz occurred preferentially along crystal boundaries within A-type veins and along trans-granular, wormy micro-cracks which are healed by dull luminescent quartz of stage OTii (Fig. 8b , d-f). OTii quartz shows irregular, wavy CL structures and some domains of these structures have similar CL intensity to OTi, indicating that the OTii overprint is incomplete with some relics of OTi quartz preserved within OTii structures. It is therefore apparent that the major silica source for the precipitated OTii is likely to be from the dissolution of OTi quartz. The OTii quartz commonly contains fine-grained inclusions of both pyrite and chalcopyrite, which suggests that OTii accompanied the main sulphide mineralisation.
Both OTi and OTii quartz are penetrated by fine networks of thin, healed cracks (usually <5 μm wide) connecting domains (<50 μm) of nearly non-luminescent quartz. These domains, which are interconnecting and commonly host fluid inclusions, represent another quartz generation, OTiii (Fig. 8c) . Late micro-breccias crosscut quartz stages OTi to OTiii and these breccias are healed by another quartz generation OTiv, which is accompanied by calcite (Fig. 8f) . These breccia veins are straight and are seen to crosscut all the previous quartz generations and structures.
Zesen Uul
In the Zesen Uul porphyry system, quartz of the ZUi stage forms mosaic-like crystal clusters in the host rock and comb-like arrays of quartz in early A-type and associated veins (Figs. 2b and 9a-f). These vein structures appear (Fig. 9b, c, e, f) . The ZUi stage clearly predates the sulphide mineralisation. In this deposit, an overprint of ZUi quartz is seen occasionally, starting from grain boundaries; this has resulted in the homogenization of oscillatory growth zoning within ZUi (Fig. 9c, f) . The overprinted domains are characterised by brightly luminescing and wavy zoned quartz with low CL contrasts (Fig. 9c ). This type of overprint is observed in only a few samples, and the proportion of overprinted ZUi quartz is small, probably less than 1%. The overprint did not result in the crystallisation of new quartz or associated minerals, and therefore, it is not considered as a separated crystallisation stage.
Dissolution of ZUi quartz preferentially along crystal boundaries was followed by the precipitation of ZUii quartz during the second major vein stage. Quartz of stage ZUii has very weak luminescence intensity and appears dark grey and black in the printed SEM-CL images (Fig. 9b, d , e, g). Comb-like ZUii crystals with oscillatory zoning are seen overgrowing ZUi crystals where open space growth permitted (Fig. 9d) . This zoning becomes visible only in CL if both high beam current and image contrast are applied. Crystallisation of ZUii quartz is synchronous with the main pyrite-chalcopyrite mineralisation. Generally, the CL features of quartz ZUii are similar to that of the OTii from Central Oyu Tolgoi; however, comb-like crystals with planar growth zones are more common in the ZUii stage, and some of these crystals show sector zoning, which is typical of hydrothermal quartz (Fig. 9g) .
The quartz of the ZUiii stage shows similar structures to the OTiii stage at the Central Oyu Tolgoi deposit, but the 
Trace elements of quartz
Central Oyu Tolgoi Al, K, Ti and Fe were measured using EPMA along traverses transecting the different quartz generations (Fig. 10) . Concentrations of these elements vary considerably among the different generations (Table 1 ), yet contacts between the different quartz generations are characterised by sharp concentration steps in all four of the elements measured (Fig. 10) . Differences in the trace element signature among the quartz generations are illustrated by the variation diagrams shown in Figs. 11 and 12 .
The unmineralised quartz generations OTi and OTiii have relatively low and consistent Al concentrations with averages of 263 and 112 μg g −1 , respectively (Fig. 11) . In contrast, OTii and OTiv have high and very variable Al contents (Fig. 10a, b) . Concentrations of K are consistently low for OTi, OTiii and OTiv but high for OTii with a wide range of values (Figs. 11 and 12) . OTi quartz has the highest average Ti of 69 μg g −1 (Fig. 12) . The Fe content is relatively consistent for most quartz generations, lying in the range 30 to 150 μg g −1 . A few analyses of OTi and
OTiv show higher Fe concentrations of up to 567 μg g −1 .
These elevated Fe concentrations were detected close to the contact between OTi quartz and OTiv quartz-calcite veins (Fig. 10b) . (Fig. 11) .
The Al contents of ZUi and ZUiii quartz are significantly lower. ZUi and ZUiv are characterised by high and variable concentrations of K, leading to different distribution patterns of K compared with the corresponding generations of quartz OTi and OTiv at Central Oyu Tolgoi (Fig. 11) . Concentrations of Ti in ZUi quartz are very high and variable (Fig. 12) ; this is the quartz generation with the highest average Ti content of 133 μg g −1 . The average Ti content in ZUii, ZUiii and ZUiv quartz is below the limit of detection (<34 μg g −1 ).
The overprinted ZUi shows slightly lower and more consistent concentrations of Ti, Al and K compared to ZUi indicating that the overprint has resulted in homogenization of the element distribution (Fig. 10c) . Some narrow, weakly luminescent outer growth zones of ZUi (Fig. 10d) show both low Ti (≤44 μg g −1 ) and Al (136 to 218 μg g −1 )
values. These zones are preferentially developed at the margin of ZUi quartz crystals where they pass into ZUii quartz. In general, high Ti correlates with growth zones of very bright CL, whereas the total Al content shows no uniform correlation with CL intensity. ZUii and ZUiv quartz containing high Al also show high concentrations of Fe, albeit with a widespread in the data (Fig. 11) . The profile in Fig. 10d illustrates that the highest Fe concentrations occur in quartz close to the contact with Fe-rich sulphide phases. In this case, the highest Fe concentrations are likely to be caused by diffusion of Fe from the sulphide into the quartz as discussed by PennistonDorland (2001) . Analyses performed far away (>500 μm) from Fe-rich minerals do not show this effect.
Fluid inclusion microthermometry
Petrography and microthermometry were completed on 80 fluid inclusions from the same samples that were examined using CL and EPMA. However, only 29 fluid inclusions could be related with certainty to the specific quartz generations analyzed. As mentioned above, fluid inclusions that can be utilised for thermometric studies are rare and very small in both deposits compared to other porphyry systems. Therefore, the few data collected are used here only to estimate the approximate crystallisation temperatures of the individual quartz generations (Table 2 ). Due to the limited number of fluid inclusion analyses possible, the temperature ranges and salinities listed in Table 2 may not be truly representative of the variability of the systems.
The paragenetic sequences of fluid inclusions hosted in the different quartz generations from Central Oyu Tolgoi and Zesen Uul deposits are generally similar. OTi and ZUi quartz contain glassy, partially crystallised silicate melt inclusions, commonly with small daughter minerals such as biotite and feldspar-like phases, together with a vapour phase/shrinkage bubble. These inclusions start to melt at 675°C at 1 atm external pressure. Primary fluid inclusions related to the overprinted ZUi quartz of Zesen Uul could not be identified.
The OTii and ZUii quartz is seen to encapsulate chalcopyrite and pyrite grains in the same regions where it hosts two types of primary fluid inclusions. These two inclusion types are (1) liquid-rich inclusions that have high and very variable salinities, some with daughter phases, together with (2) vapour-rich inclusions. It is tentatively suggested that the solid-bearing and vapour-rich inclusions could be coexisting pairs trapped in a boiling fluid. Halite daughter crystals in the liquid-rich inclusions indicate very high salinities for many primary fluid inclusions in OTii and ZUii quartz. Most of the liquid-rich inclusions contain, in addition to halite, other solid, partially opaque phases that are suspected to be sulphides (Fig. 13) . These inclusions record homogenization temperatures of 265°C to 305°C in the Central Oyu Tolgoi samples and 315°C to 417°C in the Zesen Uul samples. The corresponding trapping temperatures are 296°C to 340°C and 353°C to 445°C, respectively, after applying a temperature correction using the method of Brown and Lamb (1989) . A pressure correction of 0.5 kbar was applied which corresponds approximately to the assumed pressure of stockwork formation of both deposits (Perelló et al. 2001 ). The applied pressure correction is a simplified approximation because fluctuations between lithostatic and hydrostatic pressure are likely to have occurred as a result of rupture and self-sealing of the porphyry system. This may have caused pressure variations in the range of 0.5 to 1 kbar (see discussion). However, the observed inclusion assemblages, which are indicative of fluid boiling, suggest that the trapping temperatures of OTii-related fluids in Central Oyu
Tolgoi are similar to those determined for the ZUii-related fluids in Zesen Uul. The OTi, OTii, ZUi and ZUii quartz generations are commonly crosscut by thin secondary fluid inclusion trails, which are healed by OTiii and ZUiii quartz indicating the inclusions are primary with respect to OTiii and ZUiii. These Fig. 11 Variations in concentrations of Al, K, Ti and Fe between the different quartz generations. The average concentrations shown as black bars are connected by a solid line. The hatched areas highlight the concentrations in OTii, OTiv, ZUii and ZUiv quartz that are associated with sulphide mineralisation. In cases where the average concentration is below the limit of detection (LOD) the concentration has been equated with the LOD. Concentrations of relic OTi quartz in OTii structures and of overprinted OTiv and ZUi quartz are not considered (see Table 1) liquid-rich inclusions homogenize in the range 229°C to 259°C (Central Oyu Tolgoi) and 302°C to 343°C (Zesen Uul) and have low salinities in Oyu Tolgoi and moderate salinities in Zesen Uul. Trapping temperatures were 256°C to 289°C and 335°C to 385°C, respectively ( Table 2 ). The few identified measurable primary liquid-rich inclusions in OTiv and ZUiv quartz have a relatively modest salinity and the OTiv and ZUiv fluids were trapped between 212°C and 335°C. Table 2 Summary of crystallisation temperature estimates for the different quartz generations based on the Ti-in-quartz geothermometer by Wark and Watson (2006) Ti concentrations in quartz of stages OTii to OTiv and ZUii to ZUiv are below the limit of detection. The study of fluid inclusions was done on the same crystals as the CL and microprobe analyses. Trapping temperatures were calculated for 0.5 kbar applying the temperature correction of Brown and Lamb (1989) EPMA electron probe microanalysis a Homogenisation into liquid state 
Discussion
At Central Oyu Tolgoi and Zesen Uul, the four identified major events of quartz crystallisation have distinct trace element signatures, reflecting changes in the crystallisation temperatures, fluid chemistry variability and possibly pressure, although this latter parameter is difficult to assess. The processes that influence trace element variability in hydrothermal quartz are largely unknown, with exception of the Ti concentration in quartz, which can be used to calculate the crystallisation temperature (Wark and Watson 2006) . Most recently, several attempts have been made by Rusk et al. (2006 Rusk et al. ( , 2008a to understand the variability of Al, K and Fe in quartz related to metal mineralisation. Processes that may control the incorporation of these trace elements into the quartz lattice and the related changes of P-T-X conditions are discussed in the paragraphs below. The main characteristics of the crystallisation stages of both deposits are compared in Table 3 . The data in Table 3 show that the corresponding stages 1, 2, 3 and 4 of both deposits have comparable characteristics indicating a common sequence of evolutionary stages during formation of the central stockwork. Therefore, the corresponding stages of both deposits are discussed together.
Stage 1: OTi and ZUi
During the OTi and ZUi stages, the magmatic hydrothermal fluids breach the boundary between ductile rock at lithostatic pressure and fractures in overlaying brittle rock at hydrostatic pressure, leading to intense fracturing and fluid flow. The fracturing is accompanied by a drop in pressure which may have been of the order of 0.5 kbar, from about 1 kbar (maximum lithostatic pressure) to 0.5 kbar in the case of Central Oyu Tolgoi (Perelló et al. 2001) . The solubility of quartz decreases with decreasing pressure at temperatures of 720°C from 3,600 to 1,000 mg/ kg (Fig. 14a) . It is most likely that OTi and ZUi quartz precipitated when pressure dropped from lithostatic to near hydrostatic pressure accompanied by a moderate decrease in temperature (Fig. 14) . As a result of the enormous volume of crystallised OTi and ZUi quartz, the ore metal contents of the hydrothermal fluid increased during the subsequent crystallisation stages, more specifically, up to OTii and ZUii formation.
Formation temperatures for OTi and ZUi were calculated applying the Ti-in-quartz geothermometer proposed by Wark and Watson (2006;  Table 2 ). The TiO 2 activity is difficult to determine; however, the OTi and ZUi quartzdepositing fluids originated from intermediate magmas, which were most likely TiO 2 saturated, and from which rutile is likely to have crystallised. The crystallisation temperatures calculated were in the range 653°C to 792°C for the OTi quartz and 598°C to 880°C for the ZUi quartz. The maximum crystallisation temperature calculated for ZUi is almost 100°C higher than for OTi. Such high formation temperatures are consistent with early formed Atype veins reported from other porphyry copper systems (e. g. Bodnar 1995; Harris et al. 2003; Rusk et al. 2006 Rusk et al. , 2008a . Ti concentrations in the overprinted and homogenized ZUi quartz indicate temperatures in the range 700°C to 822°C, which corresponds to the formation temperature of ZUi quartz.
The relatively low average Al and K in OTi and ZUi quartz compared to concentrations published for hydrothermal quartz (e.g. Perny et al. 1992; Jourdan et al. 2009 ) presumably indicates that Al and K complexes in the hot magma-derived fluids preferred to precipitate as K-feldspar in the wall rock, incorporating Al and K that might have otherwise entered the quartz lattice.
Stage 2: OTii and ZUii
The micro-textures of OTii and ZUii quartz revealed by CL can be best explained by dissolution of pre-existing OTi and ZUi quartz and precipitation of new, weakly luminescent OTii and ZUii quartz. The quartz precipitated during the OTii and ZUii stages contains fine-grained inclusions of both pyrite and chalcopyrite and is intergrown with pyrite and chalcopyrite crystals. This suggests that OTii and ZUii accompanied the main sulphide mineralisation. In Zesen Uul, comb-like ZUii crystals showing oscillatory zoning are common, whereas they are rare in OTii Central Oyu Tolgoi.
The observed dissolution features relate to cooling of the hydrothermal system through and beyond the interval of retrograde quartz solubility (Fig. 14) . During cooling of the hydrothermal system from 540°C to 400°C (Central Oyu Tolgoi) and 575°C to 450°C (Zesen Uul), the OTi and ZUi quartz partially dissolved and OTii and ZUii quartz began to precipitate at <400°C and <450°C, respectively, into the newly created pore space. The maximum fluid trapping temperature of ZUii quartz of 445°C indicates that the hydrostatic pressure was up to 0.7 kbar at Zesen Uul (Fig. 14b) . Rusk and Reed (2002) made similar textural observations on quartz veins of the Butte porphyry deposit, Montana, explaining the quartz dissolution in terms of fluid cooling from 550°C to 470°C at pressures of about 0.7 kbar. Under these conditions, the fluid cooled through the interval of retrograde quartz solubility (Fig. 14) .
The distinct drop in concentration of Ti in quartz between OTi and OTii and between ZUi and ZUii reflects the significant decrease in the quartz crystallisation temperature of >180°C established by the fluid inclusion studies. The temperature decrease is more significant in the Central Oyu Tolgoi samples.
The high average and variable Al in OTii and ZUii quartz may reflect the concentration of the ionised Al in the Table 1) ccp chalcopyrite, cv covellite, bs bismuthinite, mo molybdenite, py pyrite hydrothermal fluid, which is strongly dependent on fluid temperature and pH (Pokrovskii and Helgeson 1995 Rusk et al. (2008a) in porphyry and epithermal deposits.
The high Al of the OTii quartz of Central Oyu Tolgoi correlates with high K values whereas the K content in ZUii quartz from Zesen Uul is much lower. This result indicates that the K concentration in quartz only partially follows the pattern of the Al concentration. The incorporation of K into the ZUii quartz of Zesen Uul is presumably accompanied by inclusion of other ions to preserve charge balance.
Several high Fe concentrations were detected in the quartz of the OTii and ZUii stages close to sulphide minerals, a phenomenon observed by Penniston-Dorland (2001) in the Fournier (1985) . The shaded area emphasizes the region of retrograde quartz solubility. The temperature-pressure field of retrograde quartz solubility shifts to slightly higher temperatures with increasing salinity (Fournier 1985) ; however, complete data for different salinities in the shown temperature and pressure range are not available. a Quartz of the OTi stage precipitated during pressure drop from lithostatic (∼1 kbar) to near hydrostatic pressure (∼0.5 kbar) accompanied by a moderate decrease in temperature in the range of 792°C to 653°C. OTi quartz was partially dissolved during cooling of the hydrothermal system from 540°C down to 400°C. OTii quartz precipitated at temperatures <400°C into the newly created pore space. b Quartz of the ZUi stage precipitated during decreasing pressure from about 1 to 0.7 kbar accompanied by a decrease in temperature in the range of 880°C to 598°C. ZUi quartz was partially dissolved during cooling of the hydrothermal system from 575°C to 450°C. ZUii quartz precipitated at temperatures <450°C into the newly created pore space Grasberg porphyry, Indonesia. These high values are interpreted as being caused by post-crystallisation diffusion of Fe 2+ from Fe-sulphides into the quartz lattice (Fig. 10d ) and are not a primary feature of the ZUii. Fe 2+ is a CL quenching ion (Marshall 1988) resulting in depression of the quartz CL close to sulphides (Fig. 8d) . Penniston-Dorland (2001) pointed out that the diffusion coefficient of Fe in quartz is probably much higher than 10 12 cm 2 s −1
, and thus, Fe 2+ easily migrates into quartz. The determined P-T-X conditions of the OTii and ZUii stage at Central Oyu Tolgoi and Zesen Uul are comparable to conditions recorded for the main ore stage from the Bingham and Butte porphyries, USA (Redmond et al. 2004; Rusk et al. 2008b ).
Stage 3: OTiii and ZUiii
The OTiii and ZUiii quartz formed during widespread micro-veining and subsequent crack healing (Figs. 8c and 9e). Similar textures are commonly observed not only in quartz of porphyry systems (e.g. Rusk and Reed 2002) but also in igneous quartz of felsic plutonic and subvolcanic rocks (e.g. Sprunt and Nur 1979; Valley and Graham 1996; Müller et al. 2000) . The origin of the OTiii and ZUiii quartz-forming fluids with low (Central Oyu Tolgoi) and moderate (Zesen Uul) salinities is not clearly defined.
Stage 4: OTiv and ZUiv
The OTiv-and ZUiv-calcite micro-breccia veins penetrating the A-type veins carry minor sulphide mineralisation (Fig. 8f) . These late veinlets are similar to widespread calcite-rich veins precipitated during the same late stage in other porphyry systems (e.g. Seedorff et al. 2005 ), but only rarely described in the literature (e.g. Armstrong and Willan 1996) . The high Al contents of OTiv and ZUiv quartz may have resulted from the moderate acidity of the OTiv and ZUiv quartz-forming fluids, leading to the same increase in Al as discussed for the OTii and ZUii stages. High K concentrations are characteristic for ZUiv quartz at Zesen Uul only. The early magmatic fluids of the Zesen Uul system are relatively poor in K, as indicated by the absence of K-feldspar or biotite alteration associated with early stage quartz. Thus, the enrichment of K in the ZUiv quartz may be indicative of alkali enrichment of the fluids due to an increasing interaction with the host rocks. The moderate to high Fe content of the OTiv and ZUiv quartz is presumably of primary origin as EPMA analyses carried out at least 500 μm from any Fe-rich minerals commonly show elevated Fe concentrations, excluding the phenomenon of Fe enrichment by diffusion as observed in OTii and ZUii quartz. The elevated Fe concentrations in OTiv and ZUiv quartz maybe caused by the increasing ionisation of Fe complexes in the hydrothermal fluid due to decreasing fluid salinity and temperature (Hemley et al. 1992 ).
Summary
The investigated A-type veins, which are considered to have formed during the early stage of stockwork formation, show complex growth structures with multiple overprinting and replacement revealed by CL imaging. CL imaging combined with high-resolution trace element analysis and fluid inclusion data assists in the reconstruction of deposit formation, helping to decipher the thermal and chemical evolution of transitional magmatic-hydrothermal systems. This combined approach reveals the chronological relationships of quartz precipitation and dissolution stages with respect to ore mineralisation.
The Central Oyu Tolgoi and Zesen Uul Cu-Au porphyry systems differ in age and are separated by more than 100 km and show differences in their alteration and mineralisation styles; despite this, a common sequence of evolutionary stages has been demonstrated by this study. Four similar major quartz crystallisation stages were identified in the central mineralised stockworks of the Central Oyu Tolgoi (OTi to OTiv) and Zesen Uul deposits (ZUi and ZUiv), namely: The distinct trace element signature of each of the individual quartz generation reflects the variability of fluid temperature and acidity at different stages of the evolution of the magmatic-hydrothermal system. CL patterns and related trace element variations seen in this study of the Mongolian porphyries appear identical to those described recently from other porphyry systems (e.g. Penniston-Dorland 2001; Rusk and Reed 2002; Redmond et al. 2004; Rusk et al. 2006 Rusk et al. , 2008a , despite major differences in age of formation and geological setting. Just as paragenetic studies have long revealed consistent sequences of overprinting vein assemblages, trace element and textural studies of quartz, revealed by EPMA and CL, appear to support the idea that a common sequence of quartz crystallisation exists at least for the earliest vein stages (OTi to OTiii and ZUi to ZUiii). Detailed understanding of the strongly heterogeneous distribution of trace elements within a paragenetically complex series of quartz generations assists in understanding the processes involved in the early evolution and mineralisation in porphyry copper systems.
